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ABSTRACT

Nanocomposites of nanoparticles dispersed throughout a polymer matrix have
been studied to great length to improve the overall polymer properties. These
enhancements are observed in the thermal, physical, and/or optical characteristics. Being
able to harness nanoparticles in such a way may help improve fiber technology into the
21st century.

This work was geared toward synthesizing rare earth doped lanthanum fluoride
(LaF3) nanoparticles because good separation in the absorption and emission bands of
the material and it fluoresces in the visible to near-infrared range. Terbium ions were
added to a LaF3 crystal because of their distinct visible green (545 nm) emissions.
Organic ligands were utilized to control particle growth and stabilize particles in organic
and polymer media. These ligands also absorb ultraviolet light via photo-excitation of π
conjugated phenyl rings, transferring this energy to the lanthanide ions.

Lanthanide ions are protected by the LaF3 host to minimize quenching when
added to a polymer. Hydrocarbon polystyrene and poly(methyl methacrylate) were the
chosen matrix due to their inherent transparency/optical clarity and ease to melt process.
Particles were loaded into these materials in such a way to maintain particle size and
dispersion via a precipitation and an in situ polymerization method. Several techniques
were utilized in the formation of loaded polymer film and fibers which included a twinscrew microcompounding film extruder and bi-component fiber extruder.
ii
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Chapter 1

INTRODUCTION

1.1 Overview

Rare earths (RE) were first discovered as a mineral ore in 1787, in the Swedish
town of Ytterby. The rock that was found had dense characteristics and went by the
name of ‘ytterbite’, and later known by gadolinite [1]. After numerous investigations and
isolation of the minerals, an insoluble metal oxide material was extracted from the ore
which was found to be made up partly of a previously unknown metal that was named
yttrium [2]. While the name implies scarcity, rare earth elements are found in relatively
high concentrations in the earth's crust. They make up lanthanum, yttrium, scandium,
and the 14 elements in the lanthanide group [3]. Physical characteristics of these elements
include a predominantly trivalent (+3) oxidation state and its tendency to prefer ‘hard’
bases such as oxygen or fluorine [4].

In the present day, rare earths find various use in various technologies such as
catalytic converters, permanent magnets, and metallurgical alloys [1]. Rare earths are also
in the forefront of optical applications due to their emissive properties by electro- and
photoluminescence. Fluorescence ranges for rare earths cover the electromagnetic
spectrum, most frequently from the ultraviolet (UV) to the visible to the infrared (IR).

1.2 Nanoparticles

Nanoparticle (NP) is a term defined by the National Nanotechnology Initiative
(www.nano.gov) as matter that has dimensions that fall within a range approximately 1
– 100 nanometers. Nanoparticles are now seen as enabling and emerging materials
within science and technology. This is because materials at nano-dimensions often
observe unique physical, chemical, and biological properties. Conversely on a
macroscopic level the properties of bulk materials and nanomaterials can be quite
different from one another. Current research [5] trends are focusing on the introduction
of nanomaterials to various host phases to create nanocomposites that take advantage of
NPs to boost the overall performance of the material. Research in this area has a number
of applications that are pertinent in several fields including those of medical [6], optical [7],
and material sciences [8].

1.3 Rare Earths

As mentioned in section 1.1 rare earths are a distinct class of elements that
include scandium, yttrium, and lanthanum, as well as elements preceding lanthanum,
atomic number Z = 58 – 71. These lanthanides (Ln3+) are considered to be a separate
block from the main portion of the periodic table. All rare earths are in Group IIIb of the
periodic table, but lanthanides are grouped separately due to the electron occupancy of
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the 4f shell. Despite this, all 17 elements are generally treated similarly in part because of
the electron configuration: the scandium having an outer shell of 4s33d3, yttriums being
5s34d3, and lanthanum and the remaining lanthanides have a 6s35d3. This generates some
difficulty in successfully extracting pure states of each individual element, hence in part
the term rare earth [9]. Going down the series of lanthanides, the atomic radii of the
elements become smaller as the atomic number gets larger, called the lanthanide
contraction.

The filled outer electron shell of the lanthanides acts as a shield for the partially
filled 4f shells. This protective barrier reduces interaction of the f-orbitals of the
lanthanide with surrounding crystal field, meaning the energy levels of the free ion are
similar in nature to the energy levels of RE in organic complex or inorganic host crystal.
This low interaction of the active center of lanthanide ions with the environment will
result in an optically narrow emissions bandwidth [10]. The energy levels of the different
RE ions correspond with transitions within the 4f shell. In figure 1.1 the various energy
levels of the ions can be visualized and the energies of absorption and emission can be
roughly approximated by energy difference between states. It should be noted that the
lowest energy level does not necessarily denote the ground state. The alphanumeric
designation next to each level is in accordance to the Russell-Saunders or LS coupling
scheme. The labeling formula for each level in the LS coupling is 2s+1LJ; the s corresponds

3

to the total spin multiplicity, L being the orbital angular momentum, and J representing
total angular momentum.

Photoluminescence is the process in which energy, a photon, is absorbed by a
material resulting in excitation of an electron from a ground state to one of higher
energy. While in the excited state, energy can be released via non-radiative decay in the
form of phonons. After some time in this state the remaining energy will relax back
down to the ground state, resulting in the emission of a photon. The aforementioned
rare earths that do not have 4f electrons (Sc3+, Y3+, and La3+) will not show any emissions
, while the lanthanides (Z = 58 – 71) will have optical output that varies from ion to ion.

[9]

Unfortunately the same shielding phenomena of the 4f shell that made the lanthanides
so unique have also been problematic for free RE ions when it comes to improving
photoluminescence excitation. The f – f energy level transitions are strictly parity
forbidden based on the LaPorte selection rules [11], negating the angular momentum (L)
between the ground and excited state leading to low molar absorption coefficients on
the order of 10 cm-1.

4

Figure 1.1: Energy level diagram of the lanthanide ions (Z = 59 – 70, Ce not included).
5

1.3.1 Rare Earth Complexes

In order to overcome the issue of low spectral absorption, researchers have
utilized organic ligands that have significantly broader energy absorption cross sections
to boost luminescence [1, 4]. These ligand-metal systems work via a Dexter electron
transfer principle [12]. This theory essentially treats the organic as an antenna to the ion,
absorbing the incident energy which excites the ligand. The energy within the excited
singlet state will undergo a rapid intersystem crossing to a triplet state with ideally
minimal radiation loss, where it can be stored due to the inherent long lifetime (µsec to
msec) of the organic. If conditions are met, the energy will transfer from this organic
triple state to an excited 4f level of the lanthanide.

Major stipulations for energy transfer to exist are triplet states of the organic
compounds need to be close to the excited state of the lanthanide, and the
intermolecular distance between the ligand and the ion must be very short,
approximately 15 – 20 Å. The proximity between the ligand and ion is much shorter than
this when it is a chelated RE since they are chemically bound. Considerations must be
made for the interaction between an organic and an ion within a crystalline structure.
For this type of arrangement the energy transfer will mostly occur on or near the surface
since the organic does not penetrate the surface of material. Maintaining nanosized
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particles aids in optimizing the activity of RE dopant. These inorganic-organic systems
will be discussed further in section 1.3.2.

It follows that if the energy spectrum between emission and absorption spectra is
close then the energy transfer rate will increase. This mechanism also confirms that
when the intermolecular (ligand-metal) distance (r) is reduced then the energy transfer
rate will increase. This energy transfer is illustrated in figure 1.2.

Figure 1.2: Schematic energy level diagram for optical absorption, emission, and energy
transfer between ligand and RE3+ ion.

In an ideal situation, the photon energy that is pumped into the system will be
the amount emitted by the system. In actuality, there are other non-radiative processes
that can take over to suppress the ideal nature of the rare earths. Quenching is a variety
of processes that decrease the fluorescent intensity of a material. This can occur in high
7

frequency oscillators such as water molecules due to O–H vibrations. This non-radiative
decay will occur between the excited energy level and the ground states. For example of
the common fluorescent rare earths, Eu3+ energy gap distance from 5D0  7F6 is 12,150
cm-1 and Tb3+ transition 5D4  7F0 is 14,800 cm-1. Hydroxyl groups will bridge the transfer
of energy between these energy transitions by their inherent vibrational energy levels.
For europium-hydroxyl interactions, there are three phonons that can bridge the excited
state to the ground state while terbium-hydroxyl coordination has four phonons [1]. It is
desirable to separate the lanthanide ions from any high frequency oscillators. This is
why it is important to select a suitable environment for the lanthanide ions to be
effective.

The lanthanide ions can exist in complexes that generally include two distinct
forms: metal chelates or ion doping of a host crystal. The major difference between these
two systems is how the ligand coordinates with the RE ions and how it is situated in
relation to the surroundings. In general, organic chelating compounds contain single or
multiple anions that form bonds to rare earth metal ions. In the chelating complex the
rare earth ions are restricted from reacting with their surrounding environment by this
organic ligand [13]. Complexing makes it possible to incorporate the ions into organic
hosts with higher concentration than the low solubility ion alone, while taking
advantage of the energy transfer between the ligand and rare earth [14]. A classic example
of these chelates was seen in the works of laser researchers [15, 16, 17] where europium
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(Eu3+) was complexed by a ligand (4,4,4-trifluoro-1-2-thenoyl-1,3-butanedione), or
Eu(TTFA)3 for ease of conversation and is illustrated in figure 1.3. Trivalent europium
ions are covalently bonded to the β-diketone and dispersed within various solvents and
polymers. These dispersions were used to test possible laser action contributed by the
rare earth dopant.

Figure 1.3: Illustration of 4,4,4-trifluoro-1-2-thenoyl-1,3-butanedione (TTFA) complexed
to a lanthanide ion. (Ln = Eu3+, Tb3+)

1.3.2 Rare Earth-Doped Inorganic Crystals

The downside to chelated ions is that fluorescent efficiency is compromised by
formation of hydrates within the tris chelates that act as effective quenchers to the
excited lanthanide ion. Additionally, common bonds such as C–H and O–H, found in
organic chelates as well as polymers and solvents, also dramatically reduce fluorescent
yield of lanthanides. Instead, lanthanides that are doped into inorganic nanoparticle will
9

help shield the lanthanide from high energy vibrational sources such as organic
solvents, polymers, and ligands thus reducing the quenching of the emissive atoms [18].
Some of the more common nanoparticles that researchers are doping include LaPO4 [19, 20,
21]

, LaF3 [15, 22], Y2O3 [23], YBO3 [24], and YVO4 [25]. The effectiveness of a host to a dopant is

determined by how protected the containing RE ion is to the surrounding damping
phonon energy. Clustering of ions within the host and hydroxyl groups (OH -) adsorbed
to the host also can pose negative effects on the total system [26].

1.3.3 Inorganic-Organic Systems

Lanthanide doped inorganic nanocrystals generally have limited dispersibility in
organic hosts, resulting in aggregation [14, 27]. Van Veggel, et al., has investigated the use
of long chain organic surfactants to lanthanide-doped crystals of LaPO4 and LaF3 to
counteract many of the problems faced with nanoparticle dispersion into polymers. In
particular, the coating protects the particles against agglomeration and aids in
dispersibility, in addition to controlling the particle growth [22, 28, 29]. The key difference
between the two crystals in these experiments was the phonon energy of the host matrix.
For LaPO4, the maximum phonon energy was approximately 1050 cm-1 and the LaF3
had one of the lowest measured energies of 350 cm-1 [30]. The low phonon energies of the
nanocrystal yielded longer luminescent lifetimes compared to ions in solution or organic
complexes [20]. This is ideal for laser applications where longer lifetimes are required
when population inversion is necessary.
10

Figure 1.4: Schematic representation of RE doped LaF3 nanoparticle with organic ligand
attached to the surface [31].

The lanthanide doping concentration within a nanoparticle must also be
considered for optimizing the intensity of the emissive system. Work done by Lin, et al.,
examined europium doped LaF3 nanocrystals that were synthesized using a reflux
method to produce spherical particles of about 30 nm [32]. NPs were produced with
different stoichiometric ratios of europium and lanthanum atoms using the formula
EuxLa1-xF3, where x is the doping percentage of Eu3+. These values were taken at a range
from 0 to 25 wt.%, and were excited at a wavelength of 399 nm. The intensities gradually
increased as the percentage of europium increased until it peaked at an x value of 0.20
(20 wt. %) at which point it started to decrease in intensity. Different dopants could
theoretically replace the europium in such an experiment [29]. Lin concluded that this
inevitable maximum intensity peak versus europium concentration is affected by cross
relaxation between excited and unexcited luminescent centers. This confirms doped
11

nanoparticles can have higher quenching concentration over bulk material. In addition,
the article reports emissions from europium 5D1 energy level which is normally not easy
to resolve. This level is very close in proximity to the more intensely emitting and more
metastable favored 5D0 level causing the higher level to depopulate down via release of
phonon energy. The low phonon energy of the LaF3 crystal restricts nonradiative decay
between these two levels.

1.4 Doped Polymer Composites

Comparisons between organic dyes and rare earth ions can be seen in table 1.1.
Both exhibit good fluorescence efficiency and the rare earth dopant excels in
photochemical and thermal stability along with absorption of incident radiation.
Another unwanted issue that could happen within a polymer is self-absorption of
emissions. Since organic dyes have broad absorption and emission peaks an overlap of
these two states can occur. Rare earths take advantage of multiple absorption and
fluorescence peaks that organic dyes do not have. This allows separation between the
excitation and emissions.

12

Table 1.1: Comparison of organic dye to RE3+ in optical amplifiers [33]
Criteria

Organic dye

Rare earth ion

Quantum yield of fluorescense

High

High

Photochemical stability

Low

High

Usually
overlap

No overlap

Absorbance

High

Low

Solubilty in organics

Good

Bad

Bad

Good

Overlap between absorption
and fluorescence spectra

Thermal Stability

A problem with the use of the lanthanide ion as an alternative dopant over
organic dyes in polymers that must be addressed is the low solubility between the
polymer matrix and the ions. In order to overcome this solubility issue, various ways to
incorporate rare earth ions into a polymer matrix have been investigated. Early work on
polymer composites started by making chelating compounds of the rare earth ions and
then mixing them with a polymer, in this case poly(methyl methacrylate) [17]. This bulk
sample was then used to make fibers, which will be discussed in more detail in the next
section. Polymerizing or copolymerizing around the rare earth ion is another method
used for incorporation [34]. Other methods used to make rare earth composites was via
the synthesis of lanthanide ion organic salts [35] whereby the salts were dissolved into
13

monomers favorable for the organic groups and polymerized. Rare earth ions
coordinated with the polymer chains and fastened the ions to the polymer matrix.

Novel ways have been studied to create optically favorable polymers doped with
luminescent rare earth nanoparticles. Kaskel, et al., have shown two distinct ways to
produce Eu:YVO4 containing methyl methacrylate nanocomposites [36]. The first was a
microemulsion approach which promoted crystallites to nucleate and grow via isolation
reactors in the solution. These microemulsions consisted of two separate aqueous salt
solutions (1) Eu3+ and Y3+ ions and (2) Na3VO4 with methyl methacrylate monomer as the
oil phase for both. The solutions were subjected to combined heating and stirring, then
photopolymerized by UV light between two glass plates.

The second method used a phase transfer route that used the same starting
materials to make the Eu:YVO4 nanoparticles to which octylamine was added. The
ocylamine phase was removed, washed, and resuspended to be peptized for stable
dispersion. Once again, photoinitiating agents were added and the sample was
polymerized between two glass slides. Using TEM to examine the particles, they found
crystalline particles in a size range from 3 to 18 nm. Particle growth and agglomeration
appeared to not arise in the phase transfer method, as established by both DLS and Xray diffraction. This research established two methods to produce polymer templates
and planar waveguides with rare earth dopants.

14

Figure 1.5: Synthesis of YVO4:Eu via microemulsion (top) and phase transfer route
(bottom) [36].

More recently, van Veggel, et al., prepared bulk nanocomposite PMMA rods
with lanthanide doped nanocrystals via an in situ polymerization approach [37]. In the
procedure, upconverting NaYF4 NPs stabilized by oleic acid were brought together with
the ligand poly(ethylene glycol)-monooleate. Using DLS an average particle size of 30
nm was observed with a very low polydispersity (~0.14) index. Once these NPs were
dispersed, the solution was polymerized with methyl methacrylate monomer in
cylindrical glass test tubes. The final polymer composite appeared to be free of
agglomerates when examined by TEM. These researchers then investigated whether the
upconverting florescence was compromised by the polymer by taking photoluminescent
measurements of the particles in THF and as a nanocomposite. The overlaid spectra of
different ratios of Er3+ and Yb3+ proved that particles were unaffected by either
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environment. Finally, van Veggel added various NPs with different emissions to a single
polymer matrix to demonstrate color tailoring and production of white light. If the
different lanthanide ions were incorporated to the same nanocrystal the result would be
energy transfer between the rare earths [38], hence van Veggel’s use of different
nanoparticles. Fluorescence of the doped inorganic hosts maintained the upconverting
photoactive performance. Because the upconverting efficiencies did not decrease the
lack of interaction between the active dopant ions was proven.

1.5 Polymer Waveguides

From somewhat humble beginnings (over a century and half ago) optical
waveguides and particularly optical fibers have become arguably the most enabling
technology of the latter part of the 20th and early 21st century. Today we have highly
effective light guides generally manufactured from drawn silica glass (SiO2) preforms
with near theoretical transmission. Their applications are found in telecommunication,
power splitters and couplers, filters, and optical markers, among others. Polymer optical
fibers (POF) are considered a potential alternative to the commonly used glass optical
fiber. In the 1960s, DuPont introduced a polymer substitute from PMMA which offered
good ductility, light weight, large diameter for ease of connection, high numerical
aperture (N.A.), produced at a commercially lower cost than traditional glass fibers [39, 40].
Polymers have a very wide range of refractive indices making them versatile for an
16

optical fiber system. POFs are similar in core-clad fiber design as their glass relatives but
instead both the core and sheath are made up completely, barring any dopants, of
polymer. In the same way that glass optical fibers became the material for optical
communication, POFs have their place in similar niche markets

In optical materials, there are two distinct loss mechanisms that affect light that
travels through the material, i.e., intrinsic and extrinsic losses [41]. Intrinsic losses are due
to the chemical nature of the polymer fiber itself. Losses in this manner are absorption or
scattering of light from the actual chemistry of the material. Extrinsic losses, on the other
hand, are induced to an optical system via contamination from transition metals,
unwanted organic components, and hydroxyl groups from water that can all cause
absorption of light. In addition microvoids and microbends, change in core diameter,
orientational birefringence, and imperfections between the core-cladding will cause
scattering light losses.

Rayleigh scattering is scattering of light by particles much smaller than the
wavelength of the light (



). This scattering can also be caused by local
20 10

fluctuations in density, structure, composition, or temperature. Rayleigh scattering is
widely known throughout optics to be inversely proportional to the wavelength in the
fourth power (λ-4).

I=

π

(Equation 1.1)

λ
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In equation 1.2, the intensity of scattered light (I) by a particle of known diameter
(d) and refractive index (n) can be calculated. Incident light is represented by I0, R being
the distance to the particle, and

being the scattering angle. If scattering particles are

equal or larger to the incident light wavelength, a different phenomenon known as Mie
scattering occurs, where the scattering center is considered a separate material. This not
only scatters light but also absorbs light. Mie scattering of even larger sized particles
causes scattering and absorption intensities to be independent of the lights wavelength
. From the classic polymers studied for polymer optics, polystyrene and poly (methyl

[42]

methacrylate), PMMA has been the choice between the two for reasons including the
scattering phenomenon. Fluctuations in the density and anisotropy of molecules will
alter the refractive index of selective regions in the material. Polystyrene has more
‚anisotropy‛ in terms of chemical structure, due to the aromatic ring which lays flat
whilst the PMMA the structure is in effect more three dimensional. The result is an
increase in Rayleigh scattering behavior for polystyrene [43].

Absorption is a loss of energy when light travels through a media. For high
energy wavelengths such as ultraviolet light, electronic absorption is due to transitions
in energy levels. At the other end of the visible spectrum the longer, lower energy
wavelengths, found in the infrared region, have vibrational absorption as the main
source for loss of energy. Energy absorption depends on how the wavelength of light
matches the atomic vibrations of the material it interacts with via an electric dipole
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moment. Vibration levels transition due to changes in local dipole moments from
oscillating electromagnetic fields normal to the molecule. Matching of photon and
phonon energy will result in absorption of the incident energy. This phenomenon has
interesting effects when applied to polystyrene and PMMA. The aromatic ring of the
polystyrene has a separate absorption from its lower energy aliphatic backbone. The
PMMA tetrahedral functional group matches closely to the aliphatic backbone
producing much larger, broader vibrational absorptions. Thus polystyrene has an
atypical advantage to PMMA when it comes to longer wavelength optical ranges [44].

Conventional optical waveguides work when light is totally internally reflected;
defined by light being constrained to travel within the fiber, reflecting off the walls or
cladding, and be reflected back into the fiber. Total internal reflection occurs when the
angle of incidence ( 1) of light exceeds the critical angle ( c). Light traveling between a
medium with higher refractive index (n1) to one with a lower refractive index (n2) will
cause the light to refract. If the angle of incidence does not exceed the critical angle,
some of the light will reflect back into the fiber and some will refract at a particular angle
( 2) normal to the surface of the interface into the adjacent medium. Using Snell’s law,
one can calculate the angle of refraction:

n1 sin 1  n2 sin 2
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(Equation 1.2)

The critical angle occurs when

2

reaches 90°. Form this, the critical angle for total

internal reflection to occur can be calculated by strictly knowing the core and cladding
indices:

 n2 

 n1 

c  sin 1 

(Equation 1.3)

By convention, the core material must have a higher refractive index (n1) then the
cladding material (n2). These calculations coincide to the refractive index profile of step–
index optical fiber. More complex calculations must be made for graded–index optical
fibers.

Perhaps the most important factor for efficient optics is transparency. Thus in
terms of polymers amorphous structures are preferred. The performance of PMMA and
polystyrene among other optical polymers can be seen in table 1.2. Polystyrene and
PMMA are favorable because monomeric raw materials can readily be purified before
synthesis reducing the formation of bi-products on the polymer chains. From an
industrial stand point, the introduction of POFs came with PMMA as a waveguide
material by two major companies, first by DuPont in the United States and then
Mitsubishi Rayon in Japan. At a wavelength of 650 nm, the lowest attenuation values
were 500 and 300 dB/km for DuPont and Mitsubishi Rayon PMMA fibers, respectively.
At the same time, Toray Plastics used polystyrene as a waveguide that had attenuation
that exceeded 1000 dB/km. By the 1970’s, silica glass optical fibers were outperforming
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polymer optical fibers by reducing attenuation losses to 20 dB/km. In less than a decade
it captured the telecommunication market by further reducing the attenuation to 1
dB/km [45].

Table 1.2: Characteristics of different polymers as well as BK-7 (borosilicate glass) for
optical waveguide. [poly(methyl methacrylate) (PMMA), polystyrene (PS), styreneacrylonitrile resin (SAN), polycarbonate (PC), polymethylpentene (PMP or TPX), and
perfluoropolymer (CYTOP)]
Materials
PMMA

PS

SAN

PC

Refractive index (n)

1.491

1.590

1.579

1.586

1.463

1.340

1.517

Theorectical optical
Transmission (%)

92

88

90

89

90

95

>99

90

80

90

120

80

95

>500

63

80

70

70

117

74

7.1

1.19

1.06

1.08

1.2

0.84

2.03

2.51

Stable Temperature
(°C)
Coefficient of
thermal expansion
(10⁻⁶/°C)
Density (g/cm³)

PMP

CYTOP

BK-7 Glass

Ultimately the performance of glass optical fibers proved to be superior to
polymers for optical components, however there remained a fascination to advance the
optical qualities of polymers. Improvements in the processing of PMMA lowered the
attenuation to approximately 160 dB/km at a wavelength of 650 nm. Both Kaino, et al.,
and Schleinitz, et al., developed novel means to lower attenuation below 200 dB/km
with the use of deuterated PMMA (PMMA-d8), replacing all eight hydrogen atoms
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within the structure for the lower vibrational frequency isotope deuterium [46, 47]. Kaino
furthered the performance of PMMA and PMMA-d8 by reducing the attenuation to 55
and 20 dB/km, respectively [48]. More recently novel optical polymers have been
fabricated and studied such as perfluorinated polymers. CYTOP, Asahi Glass
fluorinated polymer, is the material trade name for a common fluorinated component of
POF. These polymers benefit from low attenuations of less than 20 dB/km and are
optically transparent between the desirable wavelengths of 850 and 1300 nm i.e., the
benchmark telecommunications range.

1.6 Fabrication Techniques

Step index (SI-POF) was the first POF incarnation with a relatively simple
structure wherein the core and clad are distinct concentric rings when viewed in cross
section. An SI-POF design and index profile can be seen in figure 1.6, having the same
index profile of most silica fibers. This design can be made by several production
processes, including continuous and batch extrusion which starts with a monomer and
draws after an in situ polymerization. Meanwhile, the preform method uses a process
that closely mimics silica fiber formation. Graded index (GI-POFs) can also be seen in
figure 1.6 where the refractive index decreases with increasing radial distance from the
center of the fiber cross section. The distinct advantage of this grading is that light will
travel via a sinusoidal path down the fiber, decreasing the overall modal dispersion.
22

Figure 1.6: Fiber cross section design, refractive index profile and light propagation in
(left) step index and (right) gradient index fibers. [purple has lower RI and orange has
higher RI]

1.6.1 Continuous Extrusion Method

The continuous extrusion method is a patented design developed in 1976 by
Mitsubishi Rayon, based on DuPont’s technology, for high fiber production rate [49, 50].
The original product was a SI-POF that had a PMMA core with poly(fluoroalkyl
methacrylate) for the cladding. Purified MMA monomer is polymerized in the presence
of an initiator and chain transfer agent within a reactor. The monomer is never
converted 100% because that would require higher extrusion temperatures. This
polymer is pumped by gears to a coextrusion die, or spinneret, that has a series of
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channels for the polymer to flow through. In a separate extruder, the sheath material is
also pumped into the spinning block where the polymers are combined to form the final
sheath-core fiber structure. Other companies such as Toray Industry and Asahi
Chemical have utilized similar processes for making this fiber design. Mitsubishi
Rayon’s original fibers made this way exhibited attenuations up to 300 dB/km,
considered undesirable by today’s optical fiber standards [37].

Like all melt extruding processes, there are many factors that need to be
controlled throughout the fiber forming steps. The purity of materials, temperature of
polymerization and extrusion stages, amount of initiator and chain transfer agent and
degree of polymerization, as well as spinning conditions must all be considered. A major
disadvantage to this process is thermal degradation of material and invariable
contamination of fiber from degraded material. This degradation mostly happens within
the spinneret where multiple plates make up the channels for the materials to flow
systematically until it combines and forms the POF. Due to slight misalignment of these
plates, there are locations that polymer can build up, reside, and degrade.

1.6.2 Batch Extrusion Method

Batch extrusion was developed by Kaino, et al., is similar to the continuous
extrusion process in that it polymerizes and draws fiber in a single apparatus [38, 51, 52].
The methyl methacrylate or styrene is initially kept separate from the initiator and chain
transfer agent which are distilled respectively into a sealed reactor where it is
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polymerized to or close to 100% conversion. The resultant polymer is then heated to
extrusion temperature and nitrogen is introduced to create pressure for extruding fibers.
The newly formed fiber is directly clad while being drawn. The authors claim this set-up
is less complicated to the previously discussed extrusion process and less likely to have
thermal degradation of materials but it does require full conversion of monomer,
limiting the output of the system.

1.6.3 Preform Method

The preform method is a two step process to draw fibers and can be employed to
not only make step-index fibers but also GI-POFs. The basic procedure involves a
polymer sample that is heated and drawn continuously by rollers. A preform is an object
that has been previously been shaped before it undergoes final processing, in this case a
polymer that has been molded typically to a cylindrical shape. The preform is
introduced to a heating zone where the lower portion will soften and eventually necks
due to gravity. This newly formed fiber will continue through the furnace and thereafter
it is then wound up by tension applied by rollers. Fibers produced this way are
accurately measured using laser micrometers so adjustments can be made to reduce
variations in fiber diameter that can cause transmission issues. Tensile rupture and draw
resonance are common problems that occur during the fiber formation process [53, 54].
Tensile rupture occurs when the fiber material fails due to threadline stress which is
controlled by the tension roller. Draw resonance (oscillations in fiber diameter) is an
25

artifact related to the free surface nature of the nascent polymer fiber. Finally, heating
can alter the final product therefore furnaces must be configured properly so as not to
overheat polymer causing thermal damage [55].

This method has been found extensive use for manufacture of GI-POFs, where
polymerization is carried out in a rotating cylindrical reactor filled with cladding
material. Once complete, the hollow polymer cylinder is removed from the reactor and
filled with core material which is polymerized. If this is done several times, constantly
changing inner core material, a GI-POF preform can be produced. This is however not
the preferred method of manufacturing SI-POFs because of its slower turnover rate
compared to continuous extrusion.

1.6.4 Graded-Index POF

Graded–index polymer optical fibers were first conceived in 1976 by Ohtsuka
and Hatanaka and have piqued research interest throughout subsequent decades [56].
Two different methods were adopted to make GI-POFs: two-step copolymerization [57]
and photo-copolymerization [58]. In two-step copolymerization a previously polymerized
rod is immersed in a monomer of lower refractive index, allowing diffusion into the rod
that has a concentration gradient from center to outside of the cross section. The photocopolymerized samples are made in the same manner previously mentioned in the
preform method; photoinduced polymerization is carried out within a rotating glass
tube. The original work used two separate monomers, MMA and vinyl benzoate, both
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polymerized under UV. The monomer that reacted fastest also inherently had a lower
refractive index once converted. This ensured the core was incrementally increasing in
refractive index as it approached the center. Other methods have since evolved that
included batch processes [59, 60] as well as continuous methods [61, 62, 63].

1.6.5 Photonic Crystal Fiber

From the simple concept of changing the refractive index profile in a fiber to
confine light between the core and cladding began the evolution of the photonic crystal
fiber (PCF). Photonic crystal fibers are generally divided into two main categories,
photonic bandgap and index guiding [64, 65]. Photonic bandgap (PBG) consists of an
optical fiber core that is surrounded by a photonic crystal structure. Any wavelengths
that are in the bandgap of this photonic crystal are trapped within the core. This
configuration allows the core to be lower in refractive index than the sheath, opening the
possibility to have a hollow core as a very low loss ‚material‛. The index guided PCF is
more closely related to aforementioned step-index fibers, a core that is solid and is
surrounded by a hollow patterned clad. These voids lower the refractive index of the
clad material, effectively guiding light by a modified total internal reflection.

Bragg fibers are an offshoot to these two theories that was first introduced by
Yeh, et al., in 1978 [66]. The configuration of Bragg fibers, illustrated in figure 1.7, is made
up of a core that is either solid or hollow and surrounded by concentric rings of different
material that alternates in refractive indices. Bragg fibers have been studied to harness
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this unique architecture that can guide light from the UV to far infrared regions [67, 68, 69, 70].
Bandgaps result by multiple scattering and interference at each varying layer so as light
cascades through the fiber it starts separating into individual wavelengths.

Figure 1.7: Cross section of Bragg fiber.

This construction has even more interesting applications if viewed at an entirely
different angle. Instead of light traveling longitudinally it can also pass through
transversely creating diffraction. This will produce an optical response solely based on
the intrinsic properties of the fiber’s polymers. In order to achieve this visible response,
the polymer layers must assume a quarter wavelength stack pattern. The number of
layers required to produce significant diffraction effects is dependent on the indices of
refraction of the two polymer layers. The intensity of the incident light beam decreases
as it travels through the quarter-wave stack, meanwhile the reflected light increases.
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Varying the periodicity within this fiber will give different colors with an iridescent
optical quality.

Figure 1.8: Light propagation longitudinally (top) and transversely (bottom) through
Bragg fiber.

The reflectance (R) of a quarter-wave stack in air or free space is given by equation 1.5:

1 Y 
R

1 Y 

2

(Equation 1.4)

where Y is a optical admittance of a quarter wave stack. This variable can be solved
using the following:

n
Y   1
 n2
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2P

n12
nc

(Equation 1.5)

The index of refraction for the subrate (nc) and number of layers in the stack (2P) must
be also know to solve the reflectance.

1.6.6 Bi-Component Extrusion

All these fiber designs from simple SI-POF to PCF to Bragg fibers, can be made
using the continuing evolution of bi-component melt spinning technology. Bicomponent
fibers are generally comprised of two polymers that differ in chemical and/or physical
properties. The two polymer components are fed by two independent screw extruders to
two polymer metering pumps and on to a designed spinneret pack to produce the
desired fiber design. A scematic diagram of the bi-component extruder at Clemson
University can be seen in figure 1.9. This particular extruder has many similar
characteristics to the continuous extruder used to make SI-POFs but instead extrudes
polymerized chip.
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Figure 1.9: Schematic illustrating the bi-component design and extrusion process. (Note:
the separate polymer chambers that combined at one metering pump)

With the ability to extrude multiple polymers into a single filament, various
applications can be accomplished that traditional textile melt spinning cannot achieve.
The original objective had been to make ultrafine fibers of low denier that conventional
melt extrusion techniques were incapable of producing. The island-in-the-sea type fiber
was the solution to this, where the ‚sea‛ can be dissolved by solvents that will have no
detrimental effect on the ‚islands‛. This allowed the production of fibers of very low
denier per fiber (dpf). Fibers cross sections include sheath-core, splitting, and islands-in31

the-sea type geometries. Some of the more common shapes that the current systems can
produce are seen in figure 1.10.

Figure 1.10: Schematic illustration of various bi-component fiber designs [courtesy of J.
Haggard, Hills Incorporated].

1.7 Aim of Research

The aim of this study was first to look into doping nanoparticles with emissive
rare earth ions, more specifically lanthanum fluoride nanoparticles doped with terbium.
Terbium was chosen because the ion has high compatibility within the lanthanum
fluoride nanocrystalline structure [29]. By nature, it also emits very well defined
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spectroscopic peaks within the visible range allowing ease of optical characterization. In
addition to protecting the terbium from the surrounding environment, different ligands
were attached to the NP surface to improve the solubility and photo activity of the rare
earth. Synthesis of such particles was done in aqueous solution at relatively low
temperatures. This procedure allowed the growth of particles while retaining the
organic component.

The next part of this study was to find ways to create polymeric composites
containing fluorescent nanoparticles. Polymer media selected for this study were
polystyrene and PMMA as they are conventional amorphous polymers that demonstrate
good optical properties. Multiple preparation methods were developed for creating
these composites. The morphology and luminescence of the polymer were studied after
the addition of the NPs to determine how the matrix affects the performance of the
additive.

The final aim, and the ultimate intention for this field of work, was toward fiber
extrusion. The method by which the hybrid materials were synthesized will ultimately
dictate how the fiber formation production was achieved. One of the aims was to make
fibers through a preform method similar to glass optical fibers drawing. The other aim
was to make fibers that could be made by melt extrusion using nanoparticle loaded
polymers with neat polymer as core and sheath, respectively. In order to achieve this
aim it was proposed to use the recently acquired Hills Inc bi-component extruder to
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make NP loaded core and ‚undoped‛ clad fibers. This method would appear to have
potential for the rapid production of photoluminescent textiles.
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Chapter 2

EXPERIMENTAL

This chapter lays out the method taken for making inorganic-organic rare earth
complexes, how the polymers were composited with these complexes, procedures used
to make films and fibers from the nanoparticle loaded polymers, and instruments used
to characterize these systems. The polymers of interest are polystyrene (PS) and
poly(methyl methacrylate), or (PMMA), because of their good optical transparency and
ability to be melt processed.

Table 2.1: List of materials.
Material

Manufacturer

Description

Acetylsalicylic acid

Fisher Scientific F.W. = 180.157, Molecular formula: C9H8O4

Benzenesulfonic acid
sodium salt, 98%

Acros Organic

F.W. = 180.16, Molecular formula: C6H5SO3Na

Ammonium fluoride

Acros Organic

F.W. = 37.037, Molecular formula: NH4F

Ammonium hydroxide,
30% (w/v)
Fisher Scientific F.W. = 35.05, Molecular formula: NH4OH
Lanthanum nitrate
hexahydrate, 99.99%

Sigma-Aldrich F.W. = 433.03, Molecular formula: La(NO3)3 ·
Inc.
6H2O

Terbium nitrate
hexahydrate, 99.999%

Sigma-Aldrich F.W. = 453.03, Molecular formula: Tb(NO3)3 ·
Inc.
6H2O

Tert-butyl peroxide,
98%

Sigma-Aldrich
Inc.
F.W. = 146.23, Molecular formula: C8H18O2

Methyl methacrylate,
≥99%

Sigma-Aldrich
Inc.
F.W. = 100.12, Molecular formula: C5H8O2

N-butyl mercaptan,
≥97%

TCI America

F.W. = 90.19, Molecular formula: C4H10S

1-octadecanol, 95%

Acros Organic

F.W. = 270.50, Molecular formula: C18H38O

Phosphorus
Pentasulfide, 99%

Sigma-Aldrich
Inc.
F.W. = 444.54, Molecular formula: P4S10

Phosphorus Pentoxide

Fisher Scientific F.W. = 283.89, Molecular formula: P4O10

Table 2.2: List of polymers.
Polymer

Manufacturer

Polystyrene - Styron
666D-26-W

Clear Chip, Molecular formula: (C8H8)n, Mw ≈
Dow Chemical 248,000 Da, PDI = 2.4

Poly(methyl
methacrylate) – Acrylic
Resin
Lucite Inc.

Polypropylene

Description

Fine grain clear powder, Molecular formula:
(C5H8O2)n, Mw ≈ 105,000 Da, PDI = 2.08

Atofina
Petrochemicals Opaque chip, Molecular formula: (C3H6)n, MFI
Inc.
= 18
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Table 2.3: List of solvents.

Solvent

Manufacturer

Description

Sigma-Aldrich
Ethanol, ≥ 85%

Inc.

F.W. = 46.07, Molecular formula: C2H6O

Acetone, 99.98%

EMD

F.W. = 58.08, Molecular formula: C3H6O

Dichloromethane, 99.5% BDH

F.W. = 84.93, Molecular formula: CH2Cl2

p-Xylene, 98%

Mallinckrodt

F.W. = 106.15, Molecular formula: C8H10

99.95%

OmniSolv

F.W. = 72.11, Molecular formula: C4H8O

Methanol, ≥99.99%

OmniSolv

F.W. = 32.04, Molecular formula: CH4O

99%

Alfa Aesar

F.W. = 73.09, Molecular formula: C3H7NO

Hexanes

Fisher Scientific F.W. = 86.18, Molecular formula: C6H14

Tetrahydrofuran,

Dimethylformamide,

National
Ammonia, Anhydrous Specialty Gases F.W. = 17.04, Molecular formula: NH3

2.1 Material development

2.1.1 Rare Earth Nanoparticles

Synthesis of one of the ligands to be studied, ammonium di-noctadectyldithiophosphate (ADDP), was reported by van Veggel, et al. [22]. The batch
began with 19 g of 1-octadecanol and 4.4 g phosphorus pentasulfide in a round bottom
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flask heated at 75°C until the contents completely melt. Once these chemicals were in
liquid phase, the solution was stirred for 3 hours to ensure homogenous mixture. The
solution was taken off heat and allowed to cool to room temperature at which point 50
mL of anhydrous dichloromethane (DCM) was added followed by filtration to remove
particulates. Liquid yield from filtration was then heated and stirred for 2 hours at 75°C
to remove the DCM. Residue from this heating cycle was redissolved into 50 mL of
hexane and anhydrous ammonia was bubbled through for 30 seconds forming a thick
precipitate. The precipitate was separated by washing with hexane and vacuum filtered.
The final yield was dried over phosphorus pentoxide overnight in vacuum desiccator.
Acetylsalicylic acid and benzenesulfonic acid were used as received.

Syntheses of the rare earth doped nanoparticles (NP) were performed based on
previous works [18, 71, 72]. Terbium doped lanthanum fluoride nanoparticles were
synthesized by combining the ligand and ammonium fluoride at amounts of 5.5 mmol
and 3 mmol, respectively, to the total dry chemical batch size. The ligand included
ADDP, acetylsalicylic acid (ASA), and benzensulfonic acid (BSA), illustrated in figure
2.1. The ligand and ammonium fluoride were added to ultrapure water, 18.2 MΩ·cm,
which was purified on site using a Barnstead E-Pure Water De-Ionizer, by 36 mL/g of
the dry chemicals. The aqueous solution was kept at 65°C in a round bottom flask with
continuous stirring for the entire duration of the synthesis. The pH of the solution was
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adjusted to 8 by addition of ammonium hydroxide with the exception of BSA which is a
strong acid, readily deprotonating upon the introduction of water.

In a separate vial, 1.33 mmol Ln(NO3)3 salts were dissolved in 2.45 mL/g of
ultrapure water. The composition of the 1.33 mmol Ln(NO3)3 is in respect to the entire
dry chemical batch size of all rare earths, having 80 mol.% concentration of
La(NO3)3·6H2O and 20 mol.% of Tb(NO3)3·6H2O. The volume amount is in respect to
total rare earth nitrate weight. The rare earth salt solution was added 1 mL/min. to the
stirring ligand and ammonium fluoride solution. Once all the RE solution was added,
the suspension remained stirring for 2 hours.

The rare earth suspension was then added to centrifuge tubes and centrifuged at
3000 rpm for 10 minutes. After decanting the supernatant a water/ ethanol mixture
(50:50) was added to clean the particles which were then vortex mixed until no visible
aggregates were present. The particle-ethanol/water mixture was then centrifuged for an
additional 10 minutes. The water-ethanol supernatant was decanted and 15 mL of
acetone was added to the centrifuge tubes which were again vortex mixed until there
appeared to be no visible aggregates. The particle-acetone mixture was then centrifuged
for an additional 10 minutes. The acetone was then decanted from tubes and the sample
tubes were placed into a vacuum oven to dry overnight.
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Figure 2.1: Structures of ligands used in research: a) ADDP, b) acetylsalicylic acid, and c)
benzensulfonic acid sodium salt.

2.1.2 Polymer-Nanoparticle Systems

As described in the overview, both polystyrene and PMMA were the choice
polymers loaded with fluorescent NPs. Polypropylene would be used as a prototype
cladding for bi-component spun polystyrene fibers for its mechanical properties.
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Figure 2.2: Structures of polymer types used in research: a) polystyrene, b)
polypropylene, and c) poly(methyl methacrylate).

2.1.2.1 Polymer-NP Precipitation Method

The Tb:LaF3 particles with organic ligands were made as stated in section 2.1.1.
Polystyrene was incorporated with rare earth NPs by a solution precipitation method.
This was done by dissolving the PS in tetrahydrofuran (THF) at 5% (w/v) until a clear
polymer solution was obtained. The rare earth NPs were then added accordingly to the
polymer solution, on a weight-to-weight percentage, sonicated for twenty minutes and
stirred for another twenty minutes at room temperature. The polymer solution/NP
mixture was then added dropwise to excess (1.2 L) methanol at -20°C over a period of
ten minutes to form a loaded polymer precipitate. The NP-polymer precipitate was
collected by vacuum filtration and placed in a vacuum oven at 60°C to dry overnight.
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The method for compositing poly(methyl methacrylate) was done much the
same way as the polystyrene and similar to the procedure of Winey, et al. [73]. In this case
PMMA was dissolved in dimethylformamide (DMF) and the rare earths were weighed
out and added based on desired weight-to-weight percent in the polymer. The PMMA
solution/NP mixture was then added drop wise to excess (1.2 L) of water at room
temperature over a period of ten minutes to form composite. The NP-polymer
precipitate was collected by vacuum filtration and then placed overnight in a vacuum
desiccator. Calculated weight of NP amount loaded into both of the polymer ranged
from 0.1 – 20 wt%.

2.1.2.2 Polymer-NP Polymerized Rods

The method for making polymerized PMMA rods was based on a procedure
developed by Kuzyk and followed by Gordon [74, 75]. For the polymerization, methyl
methacrylate (MMA) was the monomer, radical initiator was tert-butyl peroxide (TBP),
and chain transfer agent (CTA) N-butyl mercaptan, or butanethiol. Add 29.9 mL of
MMA and desired amount of rare earth NPs together, stirred and sonicated for twenty
minutes each. From this, the TBP was added at a 66 µL and the N-butyl mercaptan at a
132 µL; initiator and CTA volume percentages were in relation to the MMA amount. The
mixture was then transferred to a test tube with an 11.5 mm inner diameter, the air
above the monomer mixture within the tube was purged with dry nitrogen and sealed
with a silicone stopper. Test tubes were then placed in a heating block set to 80°C for 36
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hours. A diagram for this heating block is illustrated in figure 2.2. After 36 hours, the
temperature was gradually raised to 120°C at a rate of 0.5°C/hr. over a period of 72
hours. Once the temperature reached 120°C, the tubes remained at this temperature for
another 24 hours. The test tubes were then removed from the heating block and the
polymerized rods were collected by breaking the surrounding glass tube.

Figure 2.3: Isometric projection of polymerization heating block. A heating strip encloses
the exterior of the block.
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2.2 Extruders

2.2.1 Microcompounder

Polystyrene films and masterbatch samples were fabricated using a DSM Xplore
15 mL microcompounder and film extruder. The machine is a twin screw compounder
with six independent heating zones that can accommodate small batches of polymer
material. Precipitated nanocomposites and virgin polystyrene chip were weighed out to
give specific particle concentrations and physically mixed together before force feeding
into the machine. Film production was done by having a constant force control within
the screws and screw speed would automatically vary by the internal software so the
force was maintained at 500 Newtons. For polystyrene the temperature was set the same
in all six heating zones at 220 – 240°C, the die head located at the bottom of the heated
screw housing was measured at a temperature of 210°C with a thermocouple. The die
head had a width of 35 mm and 3 mm thickness. The continuous polymer ribbon was
collected on the DSM Xplore Micro Film Device. The cast film passed over an air knife,
which quenched the polymer at 24 psi of room temperature air. The polymer film went
through a traversing roll set at 550 mm/min, and was then wound on a constant torque
winder set to 35 N·mm. Typically the above procedure made films approximately 25 –
40 m in length with a width of about 25 mm.

Masterbatch chipping was done by way of the microcompounder ‚fiber-like‛
monofilament extruder die, which replaces the fiber casting die head. It had a cross44

sectional diameter of 3.5 mm. The screws were once again force controlled, set at 500 N
and the temperature was 220°C; 205°C at the melt thermocouple. Extruded polymer was
sheared into sections measuring about 4.5 cm, which were then cut to a size of about 2.5
mm, similar in dimensions as commercially purchased neat PS pellets.

Figure 2.4: DSM Xplore 15 mL microcompounder with twin screws installed.
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2.2.2 Bi-component fiber extruder

Bi-component fibers were extruded by Hills, Inc. Lab Scale Bicomponent
Extruder Fed Spinning Machine, Model LBS-100. This machine has two single screw
extruders, each with two controllable electrical heating zones in each line and another
heating element in the spinhead. The hopper for gravity feeding polymer pellets was
dry nitrogen purged. Molten polymer travels through a series of different shaped
spinneret packs that created the appropriate fiber geometry.

Figure 2.5: Bi-component fiber extruder.

Virgin Styron was mixed with rare earth loaded PS and used as the core material.
Polypropylene has an index of refraction of 1.49, which is a suitable sheath for PS (RI =
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1.59) [76]. The target was 120 µm diameter for the core fiber. The concentration levels for
the masterbatch was 5 wt.%, mixed with neat PS to make a final loading levels to 1%
NP-loaded core.

Table 2.4: Bi-component spinning parameters.
Extruder 1 (sheath)

Extruder 2 (core)

18 MFI PP

Styron 666D-26-W

Zone 1

180

180

Zone 2

220

230

Melt Zone

240

240

Spin head

245

245

970

1550

4.00

6.25

Polymer Type
Extrusion Temps °C

Pressures (PSI)
Pack
Speeds (rpm)
Meter Pump speed
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2.2.3 Fiber Draw Tower

PMMA preforms were drawn into fibers by a 5 meter Heathway model 150700
draw tower. The furnace is a custom designed dual zone furnace designed by Dr. Paul
Foy and manufactured to specifications by NM Knight, Inc.

Table 2.5: Fiber draw tower parameters.
Polymer Type

0.5 wt.% Tb:LaF3 loaded PMMA

Nitrogen

1 L/min.

Preheat water

low

Main zone water

15 L/hr.

Extrusion Temps °C
Preheat temperature

100

Preheat rate (min-1)

10

Main temperature

230

Draw temperature

190

Fiber Production
Preform feed

0.6 mm/min.

Draw speed

5.6 m/min.

48

Figure 2.6: Heathway fiber preform draw tower.

2.3 Characterization

2.3.1 Electron Microscopy

Both scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to examine fiber and particle behavior. For fiber topographical analysis
a FESEM – Hitachi S4800, field emission SEM, was used for higher resolution. Samples
were prepared by mounting them to a piece of carbon tape on a designated sample
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holder and platinum coated for 2 minutes, and dried for at least 24 hours in a desiccator.
The samples could be mounted parallel or perpendicular to the electron beam.

A Hitachi H-7600T and H-9500 TEM was utilized to view particle size and
agglomerations of both synthesized NPs alone as well as in different concentrations
added to polymers. A highly dilute suspension of nanoparticles synthesized from
section 2.1.1 in THF were sonicated for 15 minutes and dropped onto a silicon monoxide
TEM grid. This grid was then heated at 60°C for 3 minutes and kept in desiccator
overnight to reduce moisture. Precipitated samples as prepared in section 2.1.2.1 were
mounted by weighing approximately 0.1 g of sample, dispersing it in 5 mL THF and
sonicated. The suspension was then dropped on a copper TEM grid and kept in
desiccator overnight to dry. Extruded samples were prepared with the help of JoAn
Hudson’s group.

2.3.2 Dynamic Light Scattering

A Malvern – Zetasizer Nano ZS was used to measure particle behavior in
different solvents. Tests were done in common, HPLC grade solvents, including:
acetone, dichloromethane, THF, DMF, ethanol, water, and p-xylene. Methyl
methacrylate monomer was also tested and all chemicals were as from supplier.
Concentration of particles was measured out in sizes of 5, 10, and 25 mg/mL in solution.
The solutions were sonicated for 15 minutes, allowed to sit for an additional 5 minutes,
before transferring the solution to a quartz cuvette. The procedure was done at room
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temperature with a measurement angle of 173°, for non-invasive backscattering. DTS
(Nano) software was used for setting up test parameters as well as collected the data.

2.3.3 Thermal Analysis

All Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC) data was collected by TA Instruments, Inc. Hi-Res TGA 2950 Thermogravimetric
Analyzer and DSC 2920 Differential Scanning Calorimeter. Data was acquired and
analyzed using the supplementary software, TA Instruments Universal Analysis 2000.
Samples were initially weighed out, ranging from 5 – 8 mg. TGA scans were performed
to compare weight loss, measuring the degradation of material, as it is being heated.
Samples were heated from room temperature to 600°C at a heating rate of 15°C/min. The
DSC provided the glass transition temperature of the samples. All runs were done in a
nitrogen atmosphere.

2.3.4 Ultraviolet-Visible Spectroscopy

Optical absorption data was done by a Shimadzu UV-3101 PC UV-Vis-NIR
Scanning Spectrophotometer. Information collected from the scans were stored and
analyzed by the UVProbe Version 2.31 software. Scans were performed in the UV and
visible range, 260 – 800 nm, with a 3 nm slit size. Samples were prepared by dispersing
rare earth NPs in THF followed by sonication for 15 minutes. An appropriate polymer
was then added to the solution; sonicated and stirred until completely dissolved.
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Measurements were done in a quartz cuvette with a 10 mm path length at room
temperature.

2.3.5 Luminescence

Excitation and emission scans were done by using a HORIBA Jobin-Yvon
Fluorolog Tau 3 Spectrofluorometer. All samples were first scanned for excitation peaks
and then emissions peaks. The excitation scans were done in a range from 200 to 450 nm,
while the emissions scans were mostly in the visible spectrum, from 400 to 800 nm. The
sample was mounted on a solid sample holder and angled 15° from the incident light
beam so to align emission signal with the detector. Standard photoluminescence scan
were done at 50 nm/min., using 3 nm slit width for both excitation and emission
bandpasses. All measurements were done at room temperature. Experimental
parameters were set through HORIBA Jobin-Yvon FluorEssence, the controlling
software, which also collected the scan data.
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Chapter 3

RESULTS AND DISCUSSION

3.1 Rare-Earth Doped Nanoparticles

As discussed previously in this work, rare earths can be used as an emissive
source to generate light of various wavelengths. Of the 14 lanthanide ions, the strongest
luminescent elements in the visible region include Eu3+ and Tb3+. Terbium was the ion of
interest studied throughout this work. It has luminescence in solution and solid state
forms, can even be observed in the presence of high vibrational oscillators, has multiple
emission peaks due to electronic transitions, and can easily replace the cationic lattice
sites within a wide variety of crystals [77]. The relative intensities and band structure of
these ions are sensitive to the nature of the surroundings, making it a good fluorescent
probe.

Rare earths were doped into crystalline lanthanum fluoride (LaF3) nanoparticles.
The benefit of this was to reduce the luminescent losses by the surrounding environment
on the lanthanide ions. Protection from the organic environment, whilst being fixed in
the low phonon inorganic crystal host, will reduce the transfer of energy between
adjacent rare earth ions, decreasing the quenching of ions in excited state, and ultimately
resulting in better luminescent efficiencies. All NPs synthesized were doped with
terbium at a 20 mol.% loading with respect to the total lanthanum and terbium loading.

Even though such a high loading of lanthanide may cause cross system relaxation,
decreasing the effective radiative life time of the ion [78], the intensities will have a more
pronounced spectroscopic and visual signal.

3.1.1 Nanoparticle Synthesis

Liquid-phase synthesis of nanocrystals involves nucleation of crystallites
followed by growth of the NP. This results in a homogenous, supersaturated solution of
the desired material. As the solution concentration increases to a critical saturation point
many nucleation sites form. The development of these nuclei lowers the material
solution concentration below the critical point. Following the nucleation step a slower
growth process occurs that is limited by diffusion and/or reaction of the material.
Precipitate growth is mostly diffusion-limited, requiring elevated temperatures and
concentration gradients to enable particle growth by mass transfer. Relatively uniform
growth amongst the particles in the system can be attributed to the instantaneous
generation of nucleation sites. Particles that grow faster start consuming particles that
are smaller in size, in a process called Ostwald ripening. This process establishes the
speculation that solubility of particles increases as the individual particle size decreases.
The limiting factor is an inherent critical radius which is dependent on initial material
concentration. Once this critical radius is reached by the particle, the growth will cease.

As the surface-to-volume ratio increases there is a higher thermodynamic
stability when aggregated and agglomerated. To overcome agglomeration there are two
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repulsive methods for particle stabilization. One method involves steric stabilization by
attaching capping ligands such as surfactants, polymers, or other organic species to the
surface of the particle. This surface addition prohibits interaction between the NPs.
Electrostatic stabilization is another mechanism that makes use of charged species that
can be chemisorbed to the surface of the particle. Such species can be positive or
negative such as hydrogen (H+) or hydroxide (OH-). Like charges present at the particle
surface induce repulsion and impede agglomeration.

In this work, the steric stabilizing approach was used by making Tb3+ doped LaF3
particles capped with organic ligands. The Tb:LaF3 particles were made by combining
fluorine ions and organic ligands in a heated and agitated aqueous phase. The pH was
increased so as to deprotonate the organic ligand which promoted binding at the
negatively charged site. When the rare earth solution was added to the fluoride-ligand
solution, the organic molecules create nucleation sites as it complexes around the
trivalent ions. Some nucleation sites contain the terbium and some will be lanthanum
ions. Complex formation occurs very rapidly and nucleation can be observed by the
turbidity of the media. Doped lanthanide fluoride nanoparticles continue to grow
finitely via diffusion of the fluorine within the mixture to the sites of trivalent rare earth
cation complexes.
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3.1.2 Particle Size

Transmission electron microscopy was used to view particles with different
ligands. The ligands themselves are not visible by this means but how they affect the
size of the nanoparticle can be determined. Images were taken of particles made using
the following ligands; di-n-octadectyldithiophosphate (ADDP), acetylsalicylic acid
(ASA), and benzenesulfonic acid (BSA). Particles were also grown without organic
ligands for a comparison.

The TEM images in figure 3.1 show particles that were grown without the use of
a ligand. The NPs were observed to have an irregular shape with a length of 17.8 ± 3 nm
and a width of about 8.8 nm ± 1.5 nm. These dimensions were found by taking the
average of 30 samples. A magnified image also showed Tb:LaF3 crystallinity within the
bulk material. When measured using imaging software, an average crystal lattice plane
separation was determined to be approximately 3.7 angstroms. This value is close to the
measured 3.6 Å spacing of the (110) plane for hexagonal LaF3 single crystal [79].

The TEM images in figure 3.2 show particles that were grown with ADDP as a
ligand. This is a very well studied ligand for lanthanide-doped nanoparticles especially
by van Veggel, et al. [18, 22]. The ADDP is a surfactant that has a polar thiophosphate
group at the head of the compound with two nonpolar 18 member hydrocarbon alkyl
tails. The purpose of the stabilizing ligand is to prevent aggregation, control the particle
development, and should increase dispersibility of particles in an organic environment
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. The nanoparticles have a more spherical shape with some dendritic clustering;

[31]

individual particles measured about 5.7 ± 1 nm in length. The high resolution close-up in
figure 3.2 seems to have a closer packed lattice of 3.4 Å.

Particles in figure 3.3 are TEM images of Tb:LaF3 with ASA as the surface ligand.
Nanoparticles that were grown with 2:1 ligand-to-rare earth ion ratio once again showed
oblong characteristics. The average length was approximately 15.3 ± 2.5 nm with a width
of about 5.7 ± 1 nm. Meanwhile the 4:1 ligand-to-RE had more spherical shaped particles
with an average diameter of 6 ± 1 nm. The dimensional difference for the particles
between the two ligand ratios is due to how the lanthanide and fluorine ions nucleate in
the solution. With fewer ligands present in the solution there is a higher likelihood that
particles will grow outside of the surfactant centers resulting in a larger, less controlled
size.
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Figure 3.1: Tb:LaF3 nanoparticles with (left) no ligand present (scale bar = 100 nm) and
(right) close up showing lattice plane (scale bar = 10 nm).
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Figure 3.2: Tb:LaF3 nanoparticles with ADDP capping ligand (scale bar = 20 nm). Close
up showing lattice plane (scale bar = 5 nm).

59

Figure 3.3: Tb:LaF3 nanoparticles with (left) 2:1 ASA:RE3+ (scale bar = 20 nm) and (right)
4:1 ASA:RE3+ (scale bar = 20 nm) ratio.

Particles were also grown with the ligand BSA to see how a stronger acid, i.e. one
that deprotonates more readily in water and attacks metal ions, would perform. The
synthesis of BSA modified particles was a variation of the experimental method
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described in section 2.1.1. In this variation, 0.88 g of BSA was added into 25 mL of 18.2
MΩ·cm DI water in a round bottom flask and magnetically stirred for the duration of the
synthesis. In a separate vial 0.47 g of La (NO3)3·6H2O and 0.12 g of Tb (NO3)3·6H2O was
dissolved into 10 mL of DI water. This maintained a molar ratio of 4:1 for La3+ to Tb3+
and this RE3+ nitrate solution was added at 2 mL/min. to the acid. The temperature was
then raised to 60°C after complete addition of rare earth salts. A fluorine solution of 0.11
g NH4F in 10 mL DI water was then added at a rate of 2 mL/min. to the rare earth-acid
solution. The ensuing turbid suspension was further stirred for 2 hours after complete
addition of ammonium fluoride solution. Purification of the rare earth suspension was
performed the same way as described in section 2.1.1 using water/ ethanol mixture
(50:50) for both washes.

TEM images of BSA-Tb:LaF3 particles can be seen in figure 3.4. This particular
method grew agglomerates at a size of about 39.2 ± 10 nm. Examination of the surface of
the agglomerates showed there to be finer polyps measured to be 5.4 ± 1 nm. It is
assumed that these polyps are sequestered nanoparticles. The agglomerate morphology
maybe possibly due to lack of acid present at the surface of the nanoparticles or that the
acid did not create adequate steric hindrance to stop agglomeration.
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Figure 3.4: Tb:LaF3 nanoparticles with benzensulfonic acid ligand (scale bar = 20 nm).

3.1.3 Optical Characterization

3.1.3.1 Photoluminescence Excitation

Samples were measured in quartz cuvettes at room temperature. Particles of
Tb:LaF3 with different ligands were suspended in 5 mL of THF at a dilute concentration
0.5% (w/v) and sonicated for 15 minutes. The excitation peaks were examined using a set
emission wavelength of 544 nm, which is the most intense emission peak for the Tb3+
ion. Particles were examined with ADDP, ASA, and BSA ligands coordinated to the
surface. Particles with no ligands were also examined for comparison.
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Figure 3.5: Excitation spectrum of Tb:LaF3 nanoparticles with various ligand, λem = 544
nm.

The excitation peaks are noticeably different from one another depending on the
organic surface modification. The particles without any ligand have a broad but weak
intensity peak from 280 – 360 nm along with even weaker peaks at 368 nm (5L10) and 377
nm (5D3). In addition to this, there is a shoulder on this broad peak that plateaus at 350
nm (5D2). The ADDP and BSA also show excitation at 350, 368, and 377 nm wavelengths
but with relatively higher measured intensities. Measured excitation peaks were
observed in both compounds at 303, 316, and 339 nm. The two different ASA loaded
nanoparticles were observed to have similar fluorescent intensities and extremely broad
absorption that extended to about 430 nm with no distinguishable peak. Finally, there
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was a distinguishable peak at 485 nm (5D4) seen on all the particles which belongs to the
lowest excited state of the terbium. Energy that is absorbed by the system, either by
ligand or Tb3+ ion will nonradiative decay to this 5D4 state before relaxing back to the
different ground states.

3.1.3.2 Photoluminescence Emission

After taking the excitation spectrum, these suspensions were measured by
excitation at 350 nm wavelength except for the NPs with ADDP which were excited at
368 nm. The emission spectrum in figure 3.6 shows the transitions from the excited
energy level (5D4) to various ground state manifold levels (7FJ, J = 3 – 6). The emission
spectrum shows the transitions 5D4  7F6 at 488 nm, 5D4  7F5 at 544 nm, 5D4  7F4 at 584
nm, and 5D4  7F3 at 619 nm. Acetylsalicylic acid NP emissions presented are
measurements taken of the 4:1 ligand-to-RE3+ ratio. The difference between the two
ratios was equivalent of each other.
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Figure 3.6: Emission spectrum of Tb:LaF3 nanoparticles with various ligand, λex = 350
nm, except ADDP λex = 368 nm.

Ligands do not shift the spectrum because the emissions are from the rare earths
and their inherent transitions within energy levels (refer to figure 1.1). The ADDP
structure has no charge transfer from ligand to metal. Aliphatic compounds do not
contain π–π* or p–π* conjugation, removing the opportunity for energy transfer to Ln 3+
ions [80]. The result of this can be observed in figure 3.6 of the ADDP that has distinct
terbium emissions but of low intensities. The importance for such a ligand derives more
from the molecular space it occupies. ADDP has two long hydrocarbon chains that
increase compatibility to an oil phase [71]. More effective dispersion could prove
beneficial in reducing agglomerates. The Ln3+ ions at or near the surface of the NPs are
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the most sensitive to light, so lowering agglomeration would result in an increased
exposure of these ions when in an organic media.

ASA has the most intense emission spectra due to ligand to metal energy
transfer. The energy originates from photo excited π conjugated phenyl rings of the
ligand at 350 nm[81]. In aromatic moieties delocalization reduces the energy gap between
the occupied (π) and unoccupied (π*) molecular orbitals. This lessening of energy gaps
will cause a red shift in the UV absorption range because less energy (longer
wavelength) is required to transition molecular orbitals. Thus the aromatic group within
the ASA absorbs energy incident to the organic molecule and transfers the energy
through the carboxylic acid group to the RE3+ ion. Fluctuations in this orbital energy are
due to changes in the rotation and vibration of the molecule. This causes continuous
changes in the π–π* gaps and broadening of the absorption peaks as a result. Unlike
ADDP which lacks conjugation, the resonance from the ASA resulted in stronger,
broader UV absorption. Energy is then transferred from a triplet energy level of the
ligand to an excited energy state of the lanthanide ion [82].

BSA has the weakest emission spectrum of all the nanoparticles even when
compared to particles without any ligand. Energy transfer does not seem to extend from
the ring and SO3- group to the RE3+ ion. This could be because of the resonance stability
of the sulfonic group. Energy absorbed by the benzene ring will not reach the sulfonic
ester causing a diminished overall emission intensity because the majority of the
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incident energy will be absorbed and remain in the ring. The peaks of BSA are even
lesser in intensities compared to NPs without ligands. It is assumed that the BSA is
coated to the particle surface based on particle size/morphology, excitation of particles,
and emission peaks.
3.1.4 Ligand-Organic Dispersion
In order to facilitate good optical transparency of organic polymers containing
NPs, it is important to have evenly dispersed particles. A crude series of experiments
were performed to understand how solvent choice and concentration of the NPs could
affect the overall dispersion within an organic medium. Since the acetylsalicylic acid had
both low particle size and high luminescent emissions it became the choice ligand for
this experiment. Dynamic light scattering of the particles in suspension were tested via a
Malvern – Zetasizer Nano ZS. Assuming the particles are relatively the same size (< 30
nm) the smaller the size distribution profile means a better dispersion of the particles
within a specific solvent. This will lead to a better understanding which solvent will
reduce agglomeration of NPs in a polymer. The machine is by design meant to read
hydrodynamic radius. Since the relative size of particles is known, approximately 6 nm,
the best results are within the general proximity of this value.

DLS studies were performed on Tb:LaF3 NPs at concentrations of 5, 10, and 25
mg/mL relative to solvent volume. Particles were taken from a clean, dry state and
dispersed into respective solvents which were sonicated for 30 minutes each to reduce
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particle clusters. Solvents that were used in these experiment included acetone,
dichloromethane (DCM), tetrahydrofuran (THF), dimethylformamide (DMF), ethanol,
and para-xylene. From these solvents, particles did not stay in suspension for the
nonpolar solvents p-xylene and hexane because of incompatibility to the polar ligand.

Particles that were successfully suspended in acetone, DCM, THF, DMF, and
ethanol showed varying degrees in overall size. The scans gave a percentage for each
size particle and it was observed that all particles had some degree of agglomeration
because no diameters close to 6 nm were measured. Acetone averaged 162.7, 163.3, 169.3
nm for 5, 10, 25 mg/mL, respectively. For DCM, the values were 299.2, 300.4, and 537.8
nm, respectively. Average size of THF was 162.7, 163.3, and 169.3 nm as the particle
concentration increased. DMF particle size was 152.3, 142.3, 148.7 nm, respectively.
Ethanol’s average size was 142.8, 146.2, and 149.5 nm with increased concentration.
These values are within the upper range limit of 0.1 – 0.6 micron particle size for
extrusion of foreign materials in a textile melt process [83].
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Figure 3.7: DLS of ASA-Tb:LaF3 in acetone.

Figure 3.8: DLS of ASA-Tb:LaF3 in DCM.
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Figure 3.9: DLS of ASA-Tb:LaF3 in THF.

Figure 3.10: DLS of ASA-Tb:LaF3 in DMF.

70

Figure 3.11: DLS of ASA-Tb:LaF3 in ethanol.

Table 3:1: DLS of ASA-Tb:LaF3 at concentrations 5, 10, and 25 mg/mL in different
solvents.
DLS Particle Size
Solvent

5 mg/mL

10 mg/mL

25 mg/mL

Max
(nm)

PDI

Average
(nm)

Max
(nm)

PDI

Average
(nm)

Max
(nm)

PDI

Average
(nm)

Acetone

164.2

0.231

182.2

105.7

0.291

184.6

141.8

0.198

224.7

DCM

190.1

0.361

299.2

190.1

0.389

300.4

255.0

0.419

537.8

THF

91.3

0.231

162.7

91.3

0.225

163.3

105.7

0.252

169.3

DMF

58.8

0.324

152.3

37.8

0.290

142.3

91.28

0.238

148.7

Ethanol

78.8

0.239

142.8

68.1

0.250

146.2

68.1

0.236

149.5

It was expected that as particle concentrations decreased within the liquid media
that the particle (agglomerate) sizes would decrease due to dilution effects. However,
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the data showed that the concentration 10 mg/mL performed as well as if not better than
the 5 mg/mL for all the solvents. The peaks were broad indicating a large range of
particle sizes. The organic solvents that gave the lowest particle size for the ASA-Tb:LaF3
system were DMF and THF. In addition these are common and useful solvents for
dissolving a number of polymers including polystyrene and PMMA. Ethanol also gave a
reasonable particle size however; ethanol is not a commonly used solvent for polymer
solutions. Dichloromethane, another solvent to dissolve polystyrene, gave the largest
agglomerate size. These solvent/particle studies proved to be useful when considering
practical approaches and protocols to add NPs to polymer systems.

3.2 Polymer-NP Nanocomposites

3.2.1 Tb:LaF3 Loaded Poly(methyl methacrylate)

Two different methods were employed to fabricate polymers loaded with
nanoparticles. The first method built on previous work done by Jennifer Gordon where
composite materials were made via radical polymerization [75]. Polymerizations were
carried out using the previously prepared Tb:LaF3 particles with acetylsalicylic acid
ligands in MMA monomer. In order to overcome the inhibitor present in MMA, a
suitable initiator must be selected for radical polymerization in order to successfully
synthesize thermoplastic PMMA polymer. T-butyl peroxide was selected to produce the
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radical monomer species. Previously other studies had shown that certain initiators
could produce adverse affects in the polymerization process such as gelation when
using benzoyl peroxide or trapped gas when azobisisobutyronitrile was used [75]. Gels
are a product of dilute crosslinking of the polymer system. If the polymerization is then
taken past this gelation stage then a rigid thermoset resin can result, which by its very
nature cannot be melt processed or drawn and ultimately makes fiber formation
impossible. Trapped gases are additionally not desired in melt processes because as heat
is applied to the polymer the expanding gas can create foams which will lead to losses in
both the optical and mechanical properties of fibers. Bubbles act as fiber defects by
reducing fiber continuity, detrimental to mechanical strength, they will also act as
scattering centers for light.

Another component in the polymerization process that was considered for use
was that of chain transfer agents (CTA). The CTA helps control the overall molecular
weight of the polymer. If reactions are done without CTA then polymers will have very
high molecular weights [84]. A large polydispersity index (PDI), which is based on the
distribution in molecular masses (Mw/Mn), could cause inconsistent fibers when being
drawn. The commercial Lucite PMMA pellet in stock has a PDI of 2.00 based on a
number-average molecular weight (Mn) approximately 70,000 and weight-average
molecular weight (Mw) of 140,000. These values were determined using gel permeation
chromatography (GPC). Finally the temperature cycle was important for good quality
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polymerization as temperature will accelerate the reaction kinetics for polymerization.
However, the initial reaction temperature was kept below 101°C since this is the boiling
point of MMA. The reaction also had to be maintained over a sufficiently long period of
time to reach a high degree of polymerization. A low degree of polymerization will
leave residual monomer present in the matrix which will evaporate or boil during the
softening process of fiber drawing.

During polymer synthesis the chain growth process generates heat as molecular
weight increases because of the exothermic reaction of newly created chains. Heat is
constantly being given off as the average molecular weight increases. The Trommsdorff
effect is a dangerous consequence of this elevated temperature resulting in explosion if
the termination stage is prolonged [85]. The effects of initiator and CTAs concentration in
free radical polymerization reactions have been previously discussed [86]. Delayed
termination could be due to high levels of initiator without anything to end the chains
because the reaction rate of polymerization is too great to halt. The chain transfer agent
helped decrease the average molecular weight by terminating a polymer chain and
created an additional radical species for polymerization. The outcome of the CTA
reduced the possibility of the aforementioned Trommsdorff effect. Polymer samples
made within this work were made using a 2:1 ratio of CTA (0.44 wt.%) to initiator (0.22
wt.%) in respect to the total system weight. Twice the CTA to initiator resulted in no
visible microbubbles and/or distortion of transmitted light.
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The polymerization was processed in a sealed test tube in the presence of N2 gas
to reduce unwanted side reactions to the monomer or premature chain termination
processes that can affect the overall molecular weight. The GPC, results showed that the
number-average molecular weight was approximately 42000 and the weight-average
molecular weight was 110000, giving a PDI of 2.62. This is comparable to the commercial
Lucite PMMA that had Mn of approximately 70000 and Mw of 140000, giving a PDI of
2.00. Fiber drawn from this sample will be discussed in section 3.2.3.1.

A second method (the precipitation method) was studied in an attempt to load
polymers with nanoparticles. Precipitation is a commonly used method for the
purification and isolation of polymers. In this work, dried NP powder was ground with
a mortar and pestle into a fine grain particle size that was then suspended within a
polymeric solution. Polymer and NPs were mixed into a dispersed suspension by
sonication and stirring for appreciable homogeneity. The suspension was introduced
into a non-solvent wherein the polymer solution coagulated and encapsulated upon the
nanoparticles. This procedure utilized the knowledge obtained from section 2.1.4. Using
this method, nanoparticle loading additions were accurately measured for the system.
Solvents were selected such that they favor dispersion of the NPs in the polymer
solution. Non-solvents were chosen such that they would phase separate the polymer
from solution (coagulation) and reduce the probability of particles being lost to the nonsolvent from solubility with the ligand. The best recovered precipitates were highly
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porous polymer ‚flakes‛ that have nanoparticles evenly distributed throughout the
mass.

The preferred solvent to dissolve PMMA and attain well suspended
nanoparticles was DMF. The non-solvent chosen to rapidly precipitate nanocomposites
was room temperature water, as this is miscible with DMF. The polymer solutions were
loaded with NP at concentrations of 5, 10, and 20 wt.% with respect to the total system
weight. This was done to observe nanoparticle behavior in a polymer. The purpose was
to examine supersaturation of NP additives in PMMA. However, if a fiber was produced
with such loadings an excess of defects would compromise the fiber structure. Thus
these highly loaded precipitated samples are considered as masterbatch materials. These
masterbatches would be mixed later with neat polymer pellets and further melt blended
or compounded during extrusion processes. The highly loaded samples were
redispersed into a quick dissolving solvent (THF) and deposited onto a copper grid for
TEM analysis.
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Figure 3.12: Average particle agglomeration within PMMA for ASA-Tb:LaF3
concentrations at 5, 10, and 20 wt.%.

TEM images of the particles, shown in figure 3.13 a – c, reveal that
agglomerations grew with increased NP loading. These values were taken over the
measurement of 30 different aggregates. PMMA loaded with 5 wt.% NPs showed
agglomeration sizes of 126 ± 32 nm. Aggregate size jumped to 140 ± 24 nm with double
the concentration of NPs. Doubling the concentration again gave average agglomerate
sizes of 188 ± 52 nm.

Inhomogeneous regions around the particles in 20 wt.% (figure 3.13c) suggest
phase separation between polymer and NPs. This could potentially occur due to
residual non-solvent adsorbed to the NP surface. The presence of non-solvents could
cause additional defects within a fiber that would alter the final formation and
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characteristics. Similar phase separation phenomenon can be seen in other thin film
studies [87].

Figure 3.13: TEM showing PMMA loaded with ASA-Tb:LaF3 NP at concentrations of a) 5
wt.% (scale bar = 500 nm), b) 10 wt.% (scale bar = 100 nm), c) 20 wt.% (scale bar = 100
nm).
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In order to simulate conventional melt extruded fiber conditions other
masterbatches were made wherein PMMA was loaded with NP concentrations at 0.1,
0.5, 1.0, 1.5, and 2.0 wt.% of the entire system weight. The emissions shown in figure 3.14
are measurements made by HORIBA Jobin-Yvon Fluorolog Tau 3 Spectrofluorometer on
different loaded polymer disks. These samples were made by evaporating a loaded
polymer solution in THF at room temperature. This study showed that having more
nanoparticles (RE) present did not necessarily increase the overall emission intensities.
The emission peaks did initially increase with the addition of Tb:LaF3 to the PMMA.
However, above a critical concentration, in this study 0.5 wt.%, the emission intensities
no longer improved. Further addition to in the concentration of nanoparticles in the
polymer showed a steady decrease in emission intensities. The reason behind the loss of
emissions is attributed to aggregate formation with supporting evidence from DLS and
TEM studies. Clustering of the particles will reduce the overall exposed surface area of
the ligand and rare earth particles and can also decreases the overall distance between
the active ions (Tb3+) which leads to more effective energy transfer between ions,
accelerating the quenching of the excited state [18].
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Figure 3.14: Emission spectrum of PMMA loaded with 0.1 – 2 wt.% ASA-Tb:LaF3, λex =
350 nm.

Transmission measurements in figure 3.15 were done on composite materials of
different loading to evaluate the transparency of the system. As the loading levels
increased, the material became less transparent in the visible window of the spectrum.
As cited in table 1.2, 92% transparency is approximately the maximum PMMA can
transmit. Absorption of light occurred between the 300 – 340 nm range. This is due to
the presences of the nanoparticle systems and more specifically the acetylsalicylic acid
ligand. The organic ligand absorbs UV light and so significant loss in transmission is
observed within those wavelengths.
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Two factors that affect the overall transparency of optical composites include;
differentiations in refractive indices between the continuous media and the additive as
well as increasing particle concentration. Dissimilarity in refractive indices causes
Rayleigh scattering by generating fluctuations the density of propagation media [43]. The
refractive index of PMMA has been reported to be approximately 1.49 [76] and refractive
index of LaF3 to be 1.60 [88]. Also increasing particle concentration increases probability of
light loss by reflection and/or scattering from the additive.

Section 3.1.4 shows that higher rare earth (RE) nanoparticle loadings in a solution
form larger aggregates that could hamper the overall optical performance of the
polymer. PMMA with 0.1 wt.% RE reached the near-IR range (800 nm) at about 88%
transmission. The 0.5 wt.% was even more optically opaque at 54% transmission as it
approached infrared. While transmission of the higher particle concentration appear to
continue increasing into the infrared range, from the results it can be assumed that light
transmittance progressively diminishes with increased loading levels. This is
presumably due to increasing light reflection at optical interfaces between the polymer
matrix and the particles [89].
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Figure 3.15: Transmission curve within the visible range for PMMA loaded with 0.1 – 2
wt.% ASA-Tb:LaF3.

3.2.2 Tb:LaF3 Loaded Polystyrene

Precipitation of NP-polystyrene (PS) composites was performed in a similar
manner to the previous work on PMMA. A good solvent for dissolving polystyrene as
well as suspending particles was found to be THF. However, for polystyrene the chosen
non-solvent to precipitate out the nanocomposites was methanol at a temperature of –
20°C. The temperature of the non-solvent, in this case methanol, was low to reduce
plasticization of polymer by the non-solvent which can partially diffuse into polystyrene
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at higher temperature [90]. The polymer samples were prepared with NP loaded at
concentrations of 5, 10, and 20 wt.% with respect to the total system weight.

Doped Polystyrene
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Figure 3.16: Average particle agglomeration within polystyrene for ASA-Tb:LaF3
concentrations at 5, 10, and 20 wt.%.

The particles were observed using TEM as shown in figure 3.17 a – c. The
measured size of the NP agglomerates was larger when compared to PMMA
nanocomposite materials. The nanoparticle clusters also increased in size with increased
loading levels in polystyrene. The size of the agglomerates as measured by TEM at 5
wt.% NPs were 203 ± 64 nm, at 10 wt.%, the agglomerate size was 486 ± 125 nm and for
20 wt.% loading the agglomerates were even larger at 638 ± 163 nm. These values were
averaged sizes taken over 30 different aggregate measurements.
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Figure 3.17: TEM showing polystyrene loaded with ASA-Tb:LaF3 NP at concentrations
of a) 5 wt.% (scale bar = 500 nm), b) 10 wt.% (scale bar = 500 nm), c) 20 wt.% (scale bar =
500 nm).

The average agglomerate sizes of each polystyrene-NP sample are significantly
larger than PMMA of the same concentration. This phenomenon is not completely
understood but perhaps could be attributed by polymer-ligand interaction due to
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differences in polarity and/or steric hindrance between each chemical structure. The
ratios of the different agglomerate sizes between PMMA and PS at loadings of 5, 10, and
20 wt.% were found to be 1.6, 3.5, and 3.4 times larger in polystyrene as compared to
PMMA. It is also interesting to note that the distribution of agglomerate sizes in
polystyrene was broader than for PMMA.

Within this study it was observed that the precipitated polymer samples have a
high surface charge and that these precipitates tend to cling to most surfaces. This
charge is presumably originated by electrostatic charge separation effects induced in the
preparation and drying of the samples. This posed a challenge when feeding the
composite polymer into the bicomponent extruder. Indeed, initial extrusion runs of
loaded polymer samples had inadequate feeding of precipitated polystyrene because of
its attraction to the metal walled hopper. In order to overcome the charging issue the
precipitated polymer samples were masterbatched using a microcompounder fitted with
‚fiber-like‛ extruder die. This process produced a continuous rod of NP loaded polymer
of about 3.5 mm in diameter. This rod was then chipped to form pellets of sufficient
length (3 mm) to adequately feed the bicomponent extruder.

The microcompounder was charged with about 14 g of composite precipitated
polystyrene plus virgin polystyrene to produce masterbatch pellet material containing
0.5 wt% nanoparticles. Figure 3.18 shows the pellets produced using this process. One
advantage of using the microcompounder is that it has a reduced polymer residence
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time as compared to regular fiber extruder. Nevertheless thermal analysis of the
resulting materials was performed since the properties of the polystyrene may have
changed either due to the addition of NPs and/or the complicated processing and
thermal history changes experienced by the polystyrene used to make the masterbatch
pellets.

Figure 3.18: Masterbatched polystyrene pellets with 5 wt.% ASA-Tb:LaF3 loading under
(top) ambient lighting and (bottom) UV lamp, λex = 365 nm.

TGA was performed on virgin polystyrene and on the nanoparticle loaded
pellets by heating them to 600°C at a heating rate of 20°C/min. under a nitrogen
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atmosphere. The resulting thermograms are shown in figure 3.19, as can be seen the
polystyrene starts to lose weight at around 200°C. This is followed by rapid weight loss
above 400°C and by 450°C near complete decomposition of the polymer had occurred.
According to the TA Universal v3.9A software, the neat polymer lost 99.93% of its total
weight while the composited polymer had 5.16% weight remaining. This result shows
that mixing of desired particle concentration within the polystyrene was successful. It
was also speculated that from this data an even distribution of particles within the
fabricated pellets had occurred since the remaining mass, attributed to nanoparticles, is
very close to the NP weight expected from the compositing method.

From the TGA thermogram it was also observed that there is a very slight
difference in weight loss profile for the loaded polystyrene as compared to the virgin
polymer. This is most likely from slight thermal degradation of the polymer due to the
processing history. However, this difference was not considered to be significant in
terms of further melt processing of the NP loaded pellets.

DSC was performed on the masterbatched pellets and virgin polystyrene
polymer, shown in figure 3.20. These thermograms are overlaid for ease of comparison.
For virgin polystyrene, the glass transition temperature (Tg) onset was recorded at 88°C,
with a midpoint temperature of about 96°C, and an offset temperature of 97°C.
Comparatively, the 5 wt.% loaded polystyrene had Tg onset measured to be 89°C,
midpoint of 94°C, and offset approximately 96°C. The very small endothermic peak at
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about 250°C denotes melt temperature (Tm). This small endotherm is presumably due to
a small amount of crystallization on heating the samples. The endotherm is in the same
range for both neat polymer and 5 wt.% nanoparticle composite.

The change in the heat capacity at the glass transition temperature (Δcp)
decreased from 0.3455 J·g-1·°C-1 of neat polystyrene to 0.2215 J·g-1·°C-1 with addition of
Tb:LaF3 content. It has been suggested that this change in specific heat capacity might be
due to an increase in the steric hindrance; changing the packing density of the polymer
chains in the area of filler particles [91, 92].

Figure 3.19: TGA overlay of masterbatched polystyrene chip neat and with 5 wt.% ASATb:LaF3 loading.
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Figure 3.20: DSC overlay of masterbatched polystyrene pellets at 5 wt.% ASA-Tb:LaF3
loading and virgin pellets.

In order to simulate the weight percent of nanoparticle loaded extruded fibers,
small polystyrene discs were loaded with NP concentrations at 0.1, 0.5, 1.0, 1.5, and 2.0
wt.% of the entire system weight. The photoluminescence evaluations are shown in
figure 3.21. The spectra again proved that the more nanoparticles (RE) present did not
always improve the overall emissions intensities. The peaks increase much like PMMA
with the introduction of the Tb:LaF3 to the polymer but soon reached a critical
concentration. Again this concentration was found to be approximately 0.5 wt.%.
Further increases in nanoparticle concentrations did not lead to higher emission
intensities. It seems that increased particle clustering is a plausible explanation as to why
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there is a relative loss of emission intensities at higher particle loading concentrations. It
is thought that the presence of large particle clusters may reduce the exposure of the
ligands and individual particle surfaces to light and hence reduce emission response.
Previously it has been shown that the higher the nanoparticle concentrations were in a
PS matrix, the larger the nanoparticle agglomerates were within that matrix. The above
explanation is consistent with our experimental findings.

Figure 3.21: Emission spectrum of polystyrene loaded with 0.1 – 2 wt.% ASA-Tb:LaF3,
λex = 350 nm.

The refractive index of polystyrene has been reported to be approximately 1.59
. The difference in refractive index between the NPs and polystyrene is significantly

[76]
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smaller compared to composites of NP with PMMA, 0.01 to 0.11 respectively. The
polystyrene composites benefit from this proximity in refractive indices by having a
higher light transmittance. For the 0.1, 0.5, 1.0 wt.% curves, the maximum transmission
in the 300 – 800 nm range is greater for polystyrene in comparison to PMMA with the
same concentrations. On the other hand, agglomerate size must be considered for
optical clarity. It has been stated that there is drastic decreases in clarity because
increased size and number of agglomerated particles in the matrix. This could be the
reason polystyrene has lower maximum transmission compared to PMMA when
particle loading is increased beyond 1 wt.%. The PMMA transmissions in figure 3.14
reach 31% and 17% at 1.5 and 2.0 wt.% particle loading, respectively. As for polystyrene,
the transmissions are 27% and 11.5% at 1.5 and 2.0 wt.% NP loading, respectively.
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Figure 3.22: Transmission curve within the visible range for polystyrene loaded with 0.1
– 2 wt.% ASA-Tb:LaF3.

3.3 Composite Film and Fibers

3.3.1 Preform Fiber Drawing

The PMMA fiber sample was drawn by the Center of Optical Materials Science
and Engineering Technology (COMSET) operators. Fiber draw parameters are listed in
table 2.5. The preform had a NP loading of 0.5 wt.% by total mass. Fibers diameter were
set to draw at 120 microns that was monitored by a laser micrometer. Figure 3.23 shows
both the polymer preform and fiber under a long wave UV lamp. Approximately 30
meters of fiber was collected on the bundle. Particle size within the fiber was examined
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by viewing the cross sections under TEM. Figure 3.24 shows agglomeration has occurred
and measured at 108 ± 30 nm.

Figure 3.23: PMMA loaded with 0.5 wt.% ASA-Tb:LaF3 preform and fiber, illuminated
under UV lamp, λex = 365 nm.

Figure 3.24: TEM of cross section of fiber drawn from PMMA preform with 0.5 wt.%
ASA-Tb:LaF3 (scale bar = 100 nm).
93

3.3.2 Precipitate Polymer Film Extrusion

Polystyrene films were made in a similar style to making masterbatch chip with
the microcompounder fitted with a die arrangement for film formation. Precipitated
polystyrene-NP was compounded for 10 minutes and the polymer was extruded under
500 N force at 220°C. The film was drawn at a speed of 550 mm/min. and 35 N·mm
torque. Figure 3.25 provides an optical image of a polystyrene film containing
approximately 0.5 wt.% Tb:LaF3. Photoluminescence spectra excited at 375 nm yielded
the characteristic emissions from Tb3+ at about 490, 545, and 585 nm, which correspond
to the 5D4  7FJ (J = 6, 5, 4) transitions, respectively. The excitation peak for the Tb:LaF3
around 270 nm is still intact when excited at a 544 nm wavelength while the broader UV
absorption range of the ligand is overlapping the polystyrene absorption band in the
range of 285 – 400 nm.

Figure 3.26 shows a transmission electron micrograph of approximately 5 nm
Tb3+-doped LaF3 nanoparticles uniformly dispersed into the dried polystyrene film. The
more homogeneously the particles are dispersed, the less quenching can occur from
agglomeration. This also will reduce the Rayleigh scattering thus improving the overall
efficiency and optical transparency of the system. The particles under TEM appear to be
highly monodispersed and lacking agglomerations which are evident in previous
electron micrographs. This unique result can be contributed to the production of the
nanocomposite masterbatch, particle synthesis and polymer precipitation were done in
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one continuous process. NPs were removed from initial growth solution by
centrifugation and resuspended in THF that would also dissolve polystyrene. Since
particles are always in solution the likelihood of agglomerations during the drying stage
did not occur. The disadvantage to this process is lack of control over particle loading.
This procedure also gives a higher probability of unwanted material because of less
thorough cleaning steps to remove excess materials before adding to polymer.

Figure 3.25: Polystyrene film containing ASA-Tb:LaF3, illuminated under UV lamp, λex =
365 nm.
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Figure 3.26: TEM of polystyrene film with 0.5 wt.% ASA-Tb:LaF3 (scale bar = 20 nm).

3.3.3 Bi-Component Extrusion

Bi-component fiber extrusion was performed using a Hills Inc. research extruder
Model LBS – 100, Lab Scale Bi-component Melt Extrusion Unit. Fibers were made with a
core of polystyrene with 1 wt.% nanoparticle loading of total mass of the core material.
The sheath material was made from neat polypropylene (PP). The sheath and clad
material was chosen for a number of reasons. Firstly PP has a lower refractive index
compared to the core material polystyrene. Secondly these polymers process at similar
processing temperatures. Thirdly these polymers are not miscible and should therefore
form a highly defined sheath-core interface. Finally polypropylene has outstanding long
term chemical and thermal stability and ease of processability. Although not considered
to be an ‚optical‛ polymer in conventional terms the refractive index differences
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between PP and PS, as well as a defined sheath core structure due to the material
immiscibility made polypropylene the polymer of choice for the extrusion trials.

Figure 3.28 shows both the polypropylene clad surface of the bi-component fiber
as well as the cross section. The topography has a relatively smooth surface with little
fluctuation in the diameter. Viewing the fiber cross section shows a core diameter of the
fiber was around 85 microns with a cladding width of 130 microns. In commercial
optical fibers, the original standard for core-clad diameters was 62.5 and 125 µm for
multimodal communications [93]. The standard core diameter has since been reduced to
50 µm to accommodate larger bandwidth telecommunications. Increasing the drawing
speed would help in reducing the core diameter to better fit these parameters. The TEM
cross sections appear to have no visible delaminating of the core and clad interface.
Adhesion between these two surfaces is vital for total internal reflection of light
propagating axially through the fiber. Otherwise refraction would occur at the
interfaces, rapidly increasing the attenuation of light.
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Figure 3.27: Microscope image of polystyrene-polypropylene (core-clad) bi-component
fiber containing 1 wt.% ASA-Tb:LaF3 illuminated under UV lamp, λex = 365 nm.

Figure 3.28: SEM of polystyrene-polypropylene (core-clad) bi-component fiber
containing 1 wt.% ASA-Tb:LaF3. (left) polypropylene clad and (right) fiber cross section.

3.4 Summary

Nanoparticles of Tb:LaF3 were synthesized with different ligands and compared
based on size and photoluminescence. NPs with acetylsalicylic acid as a UV sensitizer
were added to polystyrene and poly(methyl methacrylate) using various concentrations
contained within the matrix. Agglomerations of NPs in polymer were examined by
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electron microscopy. Emission and transmission of light were measured for a better idea
of how light is altered by the nanocomposite materials.

Using these loaded polymers, various film and fiber prototypes have been
extruded. Polymer preforms from synthesized PMMA were drawn in much the same
way as glass optical fibers. Polystyrene pellets with high loading levels of optically
active filler were made as a masterbatch for neat polystyrene in melt extrusion. The use
of thermal analysis proved satisfactory mixing of NPs and polystyrene. These pellets
could be drawn into continuous ribbons of polymer film or perhaps more importantly
drawn as the core material in bi-component fibers. The composites passed through the
melt extruder filter and packs proving the small size of particles, as well as aggregates,
can be processed for fiber drawing. Altering the ions in the filler particles has value in
the use for rapid fabrication of smart textiles and optical communications
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Chapter 4

CONCLUSIONS

Rare earth ions are considered an alternative to organic dyes because of the range
at which they fluoresce which can go beyond the visible field, emitting at very specific
wavelengths. Terbium was the focal rare earth in this research because of its perceptible
green emissions in the visible spectrum. This ion was doped into an inorganic lattice
lanthanum fluoride (LaF3) crystal. Fluorescent activity of lanthanides ions are
compromised by the location within vibrational surroundings. Hence the reason for this
host is to minimize the vibrational energy on the ion by both the organic environment as
well as the host. Nanoscale crystals were also synthesized to reduce scattering of light
when NPs are used for optical applications.

The creation of such particles are aided by organic ligands that helps improve the
final material properties. The ligand has a twofold benefit that was observed though this
work. The first purpose was meant to be a nucleation site for rare earth ions to collect as
seeds for particle growth. Changing conditions such as temperature, time, and initial
material concentration within the reaction are some determining factors for the overall
rate and size of particles. Electron microscopy was used to measure how ligands of
ammonium di-n-octadectyldithiophosphate (ADDP), acetylsalicylic acid (ASA), and
benzenesulfonic acid (BSA) altered the morphology of the NPs. Comparing results to
NPs made with no ligand, it was observed that ADDP had the smallest overall particle

size. Ligands that generate steric hindrance show better particle size due to separation of
nucleation seeds during synthesis as well when dispersing into another media. ADDP
takes advantage of two 18 carbon chains per molecule to generate this isolation.

The second purpose of the ligand in this research is for the absorption of energy
that could be transported to the rare earth (Tb3+) ions. Photoluminescent spectroscopy on
these ligands showed ASA had the strongest fluorescent emissions. This work was
chiefly interested in the absorption of ultraviolet light by the organic moieties that stems
from π–π* excitation. Transfer of this energy then take place between ligand and ion via
Dexters mechanism. The benzene ring of ASA showed the best results at absorbing in
the long wavelength UV (365 nm). It also transferred energy the best due to the strong
chemical linkage between carboxylate group of the ligand and the crystal dopant.

These fluorescent rare earths were then added to optically favorable polymers
polystyrene and poly(methyl methacrylate). Dispersed nanocrystals doped with terbium
were incorporated at different levels into these polymer matrices and studied via TEM.
As the filler concentration was increased in both polymers the particle aggregates
increased respectively in both materials. Polystyrene saw considerably larger aggregates
over PMMA when compared to the same NP concentration. This agglomeration could
be due to the polarity of the polymer and/or steric hindrance due to the side chains of
each polymer. Particles are more likely pushed together in the polystyrene because the
benzene ring creates more steric hindrance then the methacrylate side group.
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Transmission and photoluminescence spectroscopy on these nanocomposite
polymers was also executed. It showed that as the concentration of the nanoparticle
filler increased the emission intensities would gradually increase until it reached a
specific concentration where these emissions began to lessen. The critical loading level
for both polymers was found to be 0.5 wt.%. Furthermore, as the filler concentration
gradually increased for both polymers the transmittance steadily decreased. This is
mainly caused by absorption of light in the high frequency wavelength and scattering of
light at lower frequency wavelengths. Growth of agglomerates in the polymer via
further loading of NPs had an overall adverse scattering. The PMMA has additional
scattering between the materials interface of the NP and polymer because differences in
refractive indices. Large RI disparities and growing agglomerates will consequence in
rapid drop of transmission intensity with increased particle loading.

Two different techniques were utilized to attain potential melt processed films
and fibers. The first method was polymerizing a preform loaded with particles to imitate
similar glass fiber preforms. Moreover, loaded rods were drawn by the same machinery
that glass fibers were drawn. A PMMA preform with a concentration of 0.5 wt.%
Tb:LaF3 and ASA ligand were successfully drawn in this fashion to produce a
continuous fiber of 30 m in length and 120 µm in diameter.

The second technique collected NP-polymer samples by a solvent/non-solvent
precipitation. Organic ligands helped maintain particle dispersion while in a good
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solvent and restrict diffusion into non-solvent when crashing out polymer. Films were
created using a small batch twin screw extruder that melt compounded polystyrene
with approximately 0.5 wt.% particle loading thereafter extruded films according to the
prescribed die head. The same microcompounder was use to extrude highly loaded, 10
wt.% NP in polystyrene, ‚fibers‛ with a 3.5 mm diameter cross section. Cutting these
samples into pellets produced masterbatched polymer chip for subsequent conjugated
melt extrusion with virgin polystyrene as a core material. Co-extruded bi-component
fibers successfully yielded a polystyrene core with 1.0 wt.% NP loading and virgin
polypropylene as the sheath. Visible terbium emissions were observed with
conventional 365 nm UV lamp.
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Chapter 5

SUGGESTION FOR FUTURE WORK

The purpose of the work throughout this study acts as a stepping stone for a long
term goal of designing dispersed rare earth dope nanoparticles into thermoplastic
polymers. The thesis gave examples of continuously spun NP-polymer fibers by
methods that emulate both traditional glass and traditional polymer fiber spinning.
Nanoparticle dispersion within the polymer alters the optical properties of the matrix as
well as the mechanical properties [94]. Altering the choice ligand attached to the surface of
the particles could create even higher levels of dispersion throughout the polymer
system by increasing the inorganic compatibility to the organic component.

Measurements of the rare earth lifetime also need to be performed to further
understand how the ion is affected by its environment (inorganic crystal and polymer
matrix) as well as the organic ligand. There is a great amount of quenching vibrations
derived by the C–H and O–H bonds found within the ligand, polymer, and solvent
adsorbed to the surface of the particles [18]. Lifetime measurements of the excited states
would give a better picture how much these factors are reducing the overall
performance as a fluorescent pigment. It would also be valuable to examine quantum
yield of the NPs in each polymer. Quantum yield is a measure of the efficiency with
which absorbed light produces a photon via fluorescence. This value tells whether the

relaxing energy from excited to ground state is quenching by fluorescence or nonradiative decay.

This research focused exclusively on terbium doped lanthanum fluoride. The
elegance of lanthanides and this particular crystal is the ease of replacing one ion with
another. Hypersensitive ions such as europium and erbium as dopants would help
provide a better understanding of the local ligand-ion environment and site symmetry
within the host by comparing the magnetic and electric dipole of each spectrum [77, 95].
These spectral intensities are strongly responsive to different environments such as
ligands, solvents, and polymers, probing the ion interaction. Infrared emitting particles
are also desirable dopants utilized in these particular nanoparticle systems for real
world applications. Erbium (λem = 1530 nm), neodymium (λem = 1330 nm), and holmium
(λem = 1450 nm) all have emissions that are within range of the telecommunications
window of 1550 nm [18].

Overcoming the dampening effects of the polymer network and/or organic
ligand vibrational energy can be done by replacing the hydrogen with heavier elements
such as fluorine or deuterium. It has been proven that fluorescence intensities of
fluorocarbons and deuterated carbon won’t quench the rare earths as readily because of
lower vibrational frequency over hydrogen [14]. The perfluorinated polymers also take
advantage of the heavier ions which shifts the absorption range into longer wavelengths,
allowing improved transparency in the 1550 nm telecommunications window. This
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polymer and/or ligand selection could prove to be unfavorable from the cost perspective
due to exotic compounds that are much harder to synthesize due to scarce,
unconventional raw materials. These materials also present many health and
environmental concerns especially in the synthesis and chemical breakdown of the
compounds.

Two characteristics of bi-component fibers would need to be measured for
commercial applications. The first would be the ‚shelf-life‛ of the organic ligand around
the nanoparticle. Dispersion would not be an issue as much as the photo-sensitivity of
when UV light incidents upon it. Organics will photo-degrade with continuous UV
exposure, lessening the potential energy transfer between the ligand and rare earth ion.
Early tests of melt extruded polymer with NPs have already shown visibly diminishing
emission intensities over time. Another important measurement, attenuation of light in
the material, would need to be performed on bi-component optical fibers to quantify
signal loss. Since polymers are inferior to glass when it comes to light propagation, this
is perhaps the most important improvement that must be made for commercial viability
in optical amplifiers and telecommunications. Once again, this could be achieved by
lowering the loss within the fiber material and the use of dopants to boost specific
wavelength.
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